Tailoring Gilbert damping of metallic ferromagnetic thin films is one of the central interests in spintronics applications. Here we report a giant Gilbert damping anisotropy in epitaxial Co50Fe50 thin film with a maximum-minimum damping ratio of 400 %, determined by broadband spin-torque as well as inductive ferromagnetic resonance. We conclude that the origin of this damping anisotropy is the variation of the spin orbit coupling for different magnetization orientations in the cubic lattice, which is further corroborate from the magnitude of the anisotropic magnetoresistance in Co50Fe50.
Tailoring Gilbert damping of metallic ferromagnetic thin films is one of the central interests in spintronics applications. Here we report a giant Gilbert damping anisotropy in epitaxial Co50Fe50 thin film with a maximum-minimum damping ratio of 400 %, determined by broadband spin-torque as well as inductive ferromagnetic resonance. We conclude that the origin of this damping anisotropy is the variation of the spin orbit coupling for different magnetization orientations in the cubic lattice, which is further corroborate from the magnitude of the anisotropic magnetoresistance in Co50Fe50.
In magnetization dynamics the energy relaxation rate is quantified by the phenomenological Gilbert damping in the Landau-Lifshits-Gilbert equation [1] , which is a key parameter for emerging spintronics applications [2] [3] [4] [5] [6] . Being able to design and control the Gilbert damping on demand is crucial for versatile spintronic device engineering and optimization. For example, lower damping enables more energy-efficient excitations, while larger damping allows faster relaxation to equilibrium and more favorable latency. Nevertheless, despite abundant approaches including interfacial damping enhancement [7] [8] [9] , size effect [10, 11] and materials engineering [12] [13] [14] , there hasn't been much progress on how to manipulate damping within the same magnetic device. The only well-studied damping manipulation is by spin torque [15] [16] [17] [18] , which can even fully compensate the intrinsic damping [19, 20] . However the requirement of large current density narrows its applied potential.
An alternative approach is to explore the intrinsic Gilbert damping anisotropy associated with the crystalline symmetry, where the damping can be continuously tuned via rotating the magnetization orientation. Although there are many theoretical predictions [21] [22] [23] [24] [25] , most early studies of damping anisotropy are disguised by two-magnon scattering and linewidth broadening due to field-magnetization misalignment [26] [27] [28] [29] . In addition, those reported effects are usually too weak to be considered in practical applications [30, 31] .
In this work, we show that a metallic ferromagnet can exhibit a giant Gilbert damping variation by a factor of four along with low minimum damping. We investigated epitaxial cobalt-iron alloys, which have demonstrated new potentials in spintronics due to their ultralow dampings [32, 33] . Using spin-torque-driven and inductive ferromagnetic resonance (FMR), we obtain a fourfold (cubic) damping anisotropy of 400% in Co 50 Fe 50 thin films between their easy and hard axes. For each angle, the full-range frequency dependence of FMR linewidths can be well reproduced by a single damping parameter α. Furthermore, from first-principle calculations and temperature-dependent measurements, we argue that this giant damping anisotropy in Co 50 Fe 50 is due to the variation of the spin-orbit coupling (SOC) in the cubic lattice, which differs from the anisotropic density of state found in ultrathin Fe film [30] . We support our conclusion by comparing the Gilbert damping with the anisotropic magnetoresistance (AMR) signals. Our results reveal the key mechanism to engineer the Gilbert damping and may open a new pathway to develop novel functionality in spintronic devices.
Co 50 Fe 50 (CoFe) films were deposited on MgO(100) substrates by molecular beam epitaxy at room temperature, under a base pressure of 2×10 −10 Torr [34] . For spin-torque FMR measurements, i) CoFe(10 nm)/Pt(6 nm) and ii) CoFe(10 nm) samples were prepared. They were fabricated into 10 µm×40 µm bars by photolithography and ion milling. Coplanar waveguides with 100-nm thick Au were subsequently fabricated [18, 35] . For each layer structure, 14 devices with different orientations were fabricated, as shown in Fig. 1(a) . The geometry defines the orientation of the microwave current, θ I , and the orientation of the biasing field, θ H , with respect to the MgO [100] axis (CoFe [110]). θ I ranges from 0
• with a step of 15
• (D1 to D14, with D7 and D8 pointing to the same direction). For each device we fix θ H = θ I + 45
• for maximal rectification signals. In addition, we also prepared iii) CoFe(20 nm) 40 µm×200 µm bars along different orientations with transmission coplanar waveguides fabricated on top for vector network analyzer (VNA) measurements. See the Supplemental Materials for details [36] . Fig. 1(b) shows the angular-dependent spin-torque FMR lineshapes of CoFe(10 nm)/Pt devices from different samples (D1 to D4, hard axis to easy axis) at ω/2π = 20 GHz. A strong magnetocrystalline anisotropy as well as a variation of resonance signals are observed. Moreover, the linewidth increases significantly from easy axis to hard axis, which is shown in Fig. 1(c) . We have also conducted rotating-field measurements on a second CoFe(10 nm)/Pt device from a different deposition and the observations can be reproduced. This linewidth anisotropy is even more pronounced for the CoFe(20 nm) devices without Pt, measured by VNA FMR (Fig. 1d) . For the CoFe(10 nm) devices, due to the absence of the Pt spin injector the spin-torque FMR signals are much weaker than CoFe/Pt and completely vanish when the microwave current is along the easy axes.
Figs. 2(a-b) show the angular and frequency dependence of the resonance field H res . In Fig. 2(a) sistent with previous reports [37, 38] . The magnetocrystalline anisotropy can be quantified from the frequency dependence of µ 0 H res . Fig.  2 
Taking the dispersion functions from cubic magnetocrystalline anisotropy [39, 40] , we obtain an in-plane cubic anisotropy field µ 0 H 4|| = 48 mT and a uniaxial anisotropy field µ 0 H 2|| = 12 mT. Fig. 2(a) shows the theoretical predictions from H 4|| and H 2|| in black curve, which aligns well with all 10-nm CoFe samples.
With good magnetocrystalline properties, we now turn to the energy relaxation rate. Fig. 3(a) shows the fullwidth-half-maximum linewidths µ 0 ∆H 1/2 of the spintorque FMR signals at ω/2π = 20 GHz. Again, a fourfold symmetry is observed for CoFe(10 nm)/Pt and CoFe(10 nm), with the minimal (maximal) linewidth measured when the field lies along the easy (hard) axes. For CoFe(10 nm) devices, we did not measure any spin-torque FMR signal for H B along the hard axes (θ H = 45
• , 135
• and 225
• ). This is due to the absence of the Pt spin injector as well as the near-zero AMR ratio when the rf current flows along the easy axes, which will be discussed later. For all other measurements, the linewidths of CoFe devices are smaller than for CoFe/Pt by the same constant, independent of orientation (upper diagram of Fig.  3a ). This constant linewidth difference is due to the spin pumping contribution to damping from the additional Pt layer [41, 42] . Thus we can deduce the intrinsic damping anisotropy from CoFe (10 nm damping shifted from CoFe(10 nm) devices by a constant and is much easier to measure. In Fig. 3 (b-c) we show the frequency dependence of µ 0 ∆H 1/2 of CoFe(10 nm)/Pt devices from spin-torque FMR and CoFe(20 nm) devices from VNA FMR. For both the easy and hard axes, linear relations are obtained, and the Gilbert damping α can be extracted from µ 0 ∆H 1/2 = µ 0 ∆H 0 + 2αω/γ with the fits shown as solid lines. Here µ 0 ∆H 0 is the inhomogeneous broadening due to the disorders in lattice structures. In Fig.  3 (b) we also show the linewidths of the CoFe(10 nm) device along the easy axis (θ H = 90
• ), which has a significant lower linewidth slope than the easy axis of CoFe(10 nm)/Pt. Their differences yield a spin pumping damping contribution of ∆α sp = 0.0024. By using ∆α sp = γhg ↑↓ /(4πM s t M ), we obtain a spin mixing conductance of g ↑↓ (CoFe/Pt) = 25 nm −2 , which is comparable to similar interfaces such as NiFe/Pt [43, 44] . For θ H between the easy and hard axes, the low-frequency linewidth broadenings are caused by the deviation of magnetization from the biasing field direction, whereas at high frequencies the field is sufficient to saturate the magnetization. In order to find the damping anisotropy, we fit the linewidths to the angular model developed by Suhl [45, 46] , using a single fit parameter of α and the extracted H 2|| and H 4|| from Fig. 2 . The solid fitting curves in Fig. 3(b) nicely reproduce the experimental points.
The obtained damping anisotropy for all the samples are summarized in Fig. 4 , which is the main result of the paper. For CoFe(10 nm)/Pt samples, α varies from 0.0056 along the easy axis to 0.0146 along the hard axis. By subtracting the spin pumping ∆α sp from both values, we derive a damping anisotropy of 380%. For CoFe(20 nm) samples measured by VNA FMR, α varies from 0.0054 to 0.0240, which yields an anisotropy of 440% and reproduces the large anisotropy from spin-torque FMR. This giant damping anisotropy implies, technologically, nearly four times smaller critical current to switch the magnetization in a spin-torque magnetic random access memory, or to excite auto-oscillation in a spin-torque oscillator, by simply changing the magnetization orientation from the hard axis to the easy axis within the same device. In addition, we emphasize that our reported damping anisotropy is not subject to a dominant twomagnon scattering contribution, which would be manifested as a nonlinear linewidth softening at high frequencies [28, 31] . For this purpose we have extended the frequency of spin-torque FMR on CoFe(10 nm)/Pt up to 39 GHz, see the Supplemental Materials for details [36] . We choose CoFe(10 nm)/Pt samples because they provide the best signals at high frequencies and the additional Pt layer significantly helps to excite the dynamics. Linear frequency dependence of linewidth persists throughout the frequency range and ∆H 0 is unchanged for the two axes, with which we can exclude extrinsic effects to the linewidths. We also note that our result is substantially different from the recent report on damping anisotropy in Fe/GaAs [30] , which is due to the interfacial SOC and disappears quickly as Fe becomes thicker. In comparison, the Gilbert damping anisotropy in Co 50 Fe 50 is the intrinsic property of the material, is bonded to its bulk crystalline structure, and thus holds for different thicknesses in our experiments.
In order to investigate the dominant mechanism for such a large Gilbert damping anisotropy, we perform temperature-dependent measurements of α and the resistivity ρ. Fig. 5 (a) plots α as a function of 1/ρ for the CoFe(10 nm)/Pt and CoFe(20 nm) samples and for H B along the easy and hard axes. The dominant linear dependence reveals a major role of conductivitylike damping behavior. This is described by the breathing Fermi surface model for transition-metal ferromagnets, in which α can be expressed as [23, 24, [47] [48] [49] :
where N (E F ) is the density of state at the Fermi level, τ is the electron relaxation time and Γ − = [σ − , H so ] E=E F is the matrix for spin-flip scatterings induced by the SOC Hamiltonian H so near the Fermi surface [48, 49] . Here τ is proportional to the conductivity (1/ρ) from the Drude model, with which Eq. (1) gives rise to the behaviors shown in Fig. 5(a) .
For the origin of damping anisotropy, we first check the role of N (E F ) by ab-initio calculations for different ordered cubic supercells, which is shown in the Supplemental Materials [36] . However, a negligible anisotropy in N (E F ) is found for different magnetization orientations. This is consistent with the calculated anisotropy in Ref. [30] , where less than 0.4% change of N (E F ) was obtained in ultrathin Fe films. The role of τ can also be excluded from the fact that the resistivity difference between the easy and hard axes is less than 2% [36] . Thus we deduce that the giant damping anisotropy of 400% is due to the change of |Γ − | 2 , or the SOC, at different crystalline directions. In particular, unlike the single element Fe, disordered bcc Fe-Co alloy can possess atomic shortrange order, which gives rise to local tetragonal crystal distortions due to the different lattice constants of Fe and Co [2] [3] [4] . Such local tetragonal distortions will preserve global cubic symmetry but can have large effects on the SOC. We emphasize that our CoFe samples, which did not experience annealing, preserve the random disorder. Our first principle calculations also confirm the role of local tetragonal distortions and its enhancement on SOC, see the Supplemental Materials for details [36] .
The anisotropy of the SOC in Co 50 Fe 50 can be reflected by its AMR variation along different crystalline orientations. The AMR ratio can be defined as:
where ρ (θ I ) and ρ ⊥ (θ I ) are measured for the biasing field parallel and perpendicular to the current direction, respectively. The main contribution of AMR is the asymmetric s-d electron scatterings where the s-orbitals are mixed with magnetization-containing d-orbitals due to SOC [53, 54] . Since both the damping and AMR originate from SOC and, more precisely, are proportional to the second order of SOC, a large damping anisotropy is expected to be accompanied by a large AMR anisotropy and vice versa. Furthermore, due to the fourfold symmetry, the AMR should be invariant when the current direction is rotated by 90 degrees, as the AMR is a function of θ I as defined in Eq. (1). Thus the damping and AMR should exhibit similar angular dependence on θ H and θ I , respectively. In Fig. 5(b) we compare renormalized α(θ H ) with AMR(θ I ) for 10-nm and 20-nm CoFe samples, where the AMR values are measured from Hall bars with different θ I . The AMR ratio is maximized along 100 axes and minimized along 110 axes, with a large anisotropy by a factor of 10. This anisotropy is also shown by the integrated spin-torque FMR intensity for CoFe(10 nm)/Pt, defined as F (θ I ) = ∆H 1/2 V max dc [17, 18] and plotted in Fig. 5(b) . The large AMR anisotropy and its symmetry clearly coincide with the damping anisotropy measured in the same samples, which confirms our hypothesis of strong SOC anisotropy in CoFe. Thus we conclude that the damping anisotropy is dominated by the variation of SOC term in Eq. (1). In parallel, we also compare α(θ H ) and AMR(θ I ) for epitaxial Fe(10 nm) samples grown on GaAs substrates [36] . Experimentally we find the anisotropy less is than 30% for both damping and AMR, which helps to explain the presence of weak damping anisotropy in epitaxial Fe [30] .
We compare our results with prior theoretical works on damping anisotropy [23, 24] . First, despite their proportional relationship in Fig. 5(a) , the giant anisotropy in α is not reflected in 1/ρ. This is because the s-d scattering, which dominates in the anisotropic AMR, only contributes a small portion to the total resistivity. Second, neither the anisotropy of damping nor AMR are sensitive to temperature. This is likely because the thermal excitations at room temperature (∼ 0.025 eV) are much smaller than the spin-orbit coupling (∼ 0.1 eV [47] ). Third, the damping tensor has been expressed as a function of M and dM/dt [24] . However in a fourfold-symmetry lattice and considering the large precession ellipticity, these two vectors are mostly perpendicular to each other, point towards equivalent crystalline directions, and contribute equivalently to the symmetry of damping anisotropy.
In summary, we have experimentally demonstrated very large Gilbert damping anisotropy up to 400% in epitaxial Co 50 Fe 50 thin films which is due to their bulk, cubic crystalline anisotropy. We show that the damping anisotropy can be explained by the change of spin-orbit coupling within the breathing Fermi surface model, which can be probed by the corresponding AMR change. Our results provide new insights to the damping mechanism in metallic ferromagnets, which are important for optimizing dynamic properties of future magnetic devices.
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As a result of the crystallographic characterizations, we believe our MBE-grown CoFe samples are epitaxial, have smooth surfaces and exhibit excellent crystalline quality. Moreover, we can exclude the source of inhomogeneity from misorientation of crystallities (mosaicity) due to isotropic rocking curves. This means the inhomogeneous FMR linewidth broadening is isotropic, as is consistent with the experiments.
Device geometries for Spin-torque FMR and VNA FMR measurements. Because there is no spin torque injection from Pt layer, the FMR signals are much weaker than CoFe(10 nm)/Pt and the extracted linewidths are more noisy. The excitation of the dynamics is due to the magnon charge pumping effect [1] or inhomogeneities of the Oersted fields. No signal is measured for the rf current flowing along the easy axis (magnetic field along the hard axis, see Fig. S-3b) , because of the negligible AMR ratio. Figure S-4(b) shows the angular dependence of the extracted Gilbert damping for CoFe(10 nm)/Pt and CoFe(10 nm). The former is extracted from Fig. 3(b) of the main text. The latter is extracted from Fig. S-4(a) . The blue data points for CoFe(10 nm)/Pt are obtained from the resonances at negative biasing fields. Those data are used in Fig. 4 of the main text. • and45
• ). At ω/2π = 32.1 GHz (Fig. S-5a ), the spin-torque FMR amplitude is 0.1 µV for the easy axis and 0.02 µV for the hard axis. For CoFe(10 nm)/Pt samples, we plot both α and resistivity ρ measured at different temperatures in Fig. S-6 (c). The measurements of ρ were conducted with a biasing magnetic field of 1 Tesla parallel to the current direction, so that the AMR influence is excluded. Also the resistivity variation between the easy and hard axes is very small, about 1%, which is much smaller than the damping anisotropy.
We have also conducted the low-temperature VNA FMR of the new CoFe(20 nm) samples at 8 K, in addition to the room-temperature measurements. The linewidths data are shown in For CoFe(10 nm) the damping anisotropy decreases from 380 % at 300 K to 273 % at 30 K by taking out the spin pumping damping enhancement (an unexpected reduction of alpha happens at 8 K for the hard axis). For CoFe(20 nm) the damping anisotropy increases from 440 % at 300 K to 540 % at 8 K. Thus a clear variation trend of damping anisotropy in CoFe films remains to be explored. First-principle calculations were done using QUANTUM ESPRESSO for a cubic lattice of Co 50 Fe 50 of CsCl, Zintl and random alloy structures. Supercells consisting of 4 × 4 × 4 unit cells were considered with a total of 128 atoms (64 cobalt and 64 iron atoms). The calculations were done using plane-wave basis set with a 180 Ry kinetic energy cut-off and 1440 Ry density cut-off. For both Co and Fe atoms, fully relativistic PAW pseudopotentials were used. Figure  S-7 shows the density of states (DOS) of the CsCl form for different magnetization orientations θ in the xy-plane. Clearly, DOS exhibits no anisotropy (< 0.1% variation at E = E F ). No anisotropy was found in the Zintl form, either. Thus, we conclude that the Gilbert damping anisotropy in Co 50 Fe 50 cannot be caused by a variation of N (E F ) with respect to magnetization direction in ideal ordered structures.
SOC induced by atomic short-range order (ASRO)
In our experiment, because the Co 50 Fe 50 films were grown by MBE at low temperatures, they do not form the ordered bcc B2 structure but instead exhibit compositional disorder. Transition metal alloys such as CoPt, NiFe, and CoFe tend to exhibit ASRO [2] [3] [4] . The ASRO in CoFe is likely to give rise to local tetragonal distortions because of the different lattice constants of bcc Fe and (metastable) bcc Co at 2.856Å and 2.82Å, respectively. Such local tetragonal distortions will preserve global cubic (or four-fold in-plane) symmetry, but can have large effects on the SOC, with concomitant effect on spin-orbit induced magnetization damping. For example, first-principle calculations using the coherent-potential approximation for the substitutionally disordered system shows that a tetragonal distortion of 10% in the ratio of the tetragonal axes a and c gives rise to an magnetocrystalline anisotropy energy (MAE) density [2, 3] of about 1 MJ/m 3 . These results are consistent with our observed MAE in Co 50 Fe 50 . To confirm this mechanism, we performed DFT-LDA calculations on 50:50 CoFe supercells consisting of a total of 16 atoms for CsCl, zintl, and random alloy structures; in the random alloy supercell, Co or Fe atoms randomly occupied the atomic positions in the supercell. Note that all CoFe geometries are fully relaxed, including supercell lattice vectors. 3. The local distortions in the alloy structure furthermore gave rise to an energy anisotropy with respect to the magnetization direction. The energy (including SOC) of the relaxed alloy structure for different directions of the magnetization is shown in Fig. S-9 . While the supercell was rather small, because of the computational expense in relaxing the structure with SOC, so that no self-averaging can be inferred, the figure demonstrates an induced magnetic anisotropy that arises from the SOC and local distortions. No magnetic anisotropy was discernible in the CsCl and Zintl structures.
As a result from the DFT calculation, we attribute the large SOC effect in damping anisotropy of Co 50 Fe 50 to local tetragonal distortions in disordered Co and Fe alloys. These distortions give rise to SOC-induced changes of DOS at the Fermi level, as well as magnetic anisotropy energy with respect to the crystallographic axes.
